Femoral lengthening using the Intramedullary Skeletal Kinetic Distractor is a new technique. However, with intramedullary distraction the surgeon has less control over the lengthening process. Therefore, 33 femora lengthened with this device were assessed to evaluate the effect of operative variables under the surgeon's control on the course of lengthening. The desired lengthening was achieved in 32 of 33 limbs. Problems encountered included difficulty in achieving length in eight femora (24%) and uncontrolled lengthening in seven (21%). Uncontrolled lengthening was more likely if the osteotomy was placed with less than 80 mm of the thick portion of the nail in the distal fragment (p = 0.052), and a failure to lengthen was more likely if there was over 125 mm in the distal fragment (p = 0.008). The latter problem was reduced with over-reaming by 2.5 mm to 3 mm. Previous intramedullary nailing also predisposed to uncontrolled lengthening (p = 0.042), and these patients required less reaming.
Femoral lengthening using the Intramedullary Skeletal Kinetic Distractor is a new technique. However, with intramedullary distraction the surgeon has less control over the lengthening process. Therefore, 33 femora lengthened with this device were assessed to evaluate the effect of operative variables under the surgeon's control on the course of lengthening. The desired lengthening was achieved in 32 of 33 limbs. Problems encountered included difficulty in achieving length in eight femora (24%) and uncontrolled lengthening in seven (21%). Uncontrolled lengthening was more likely if the osteotomy was placed with less than 80 mm of the thick portion of the nail in the distal fragment (p = 0.052), and a failure to lengthen was more likely if there was over 125 mm in the distal fragment (p = 0.008). The latter problem was reduced with over-reaming by 2.5 mm to 3 mm. Previous intramedullary nailing also predisposed to uncontrolled lengthening (p = 0.042), and these patients required less reaming.
Using the Intramedullary Skeletal Kinetic Distractor, good outcomes were obtained; problems were minimised by optimising the position of the osteotomy and the amount of over-reaming performed.
Intramedullary lengthening was introduced as a technique for limb lengthening to avoid the problems of pin track infection and the prolonged lengthening programmes with external fixation. 1 The Intramedullary Skeletal Kinetic Distractor (Orthofix Inc., McKinney, Texas) is one such device. It is designed to lengthen gradually as a result of small deliberate rotatory movement of any amount between 3° and 9° at the osteotomy. 2 Because the Intramedullary Skeletal Kinetic Distractor is completely internal, the potential risk of infection is reduced compared to procedures carried out with external fixation. In addition, it may be more comfortable and allow the patient to lead a more normal lifestyle. 3, 4 However, with a completely internal lengthening device, the surgeon has less control over the lengthening process.
The aim of this study was to assess the effect of different operative variables that remain under the control of the surgeon on the course of femoral lengthening using the Intramedullary Skeletal Kinetic Distractor, including the level of the osteotomy, the degree of over-reaming, and the length of the thick portion of the nail in the distal fragment. The aim was to correlate these variables with the incidence of uncontrolled lengthening and failure of lengthening.
Patients and Methods
This study includes the first 33 femora (30 patients) for which lengthening was performed using this device in our unit. The aetiology of shortening was post-traumatic in 23 femora, congenital in nine (six patients), and a consequence of knee arthrodesis in one.
There were 17 males and 13 females: two females and one male had staged bilateral lengthening in two separate procedures. The second procedure was not performed until the patient could bear weight fully on the first side. The mean age at initial surgery was 35 years (14.5 to 81), and all patients were skeletally mature. The mean shortening was 47 mm (15 to 80).
In eight femora (eight patients) intramedullary nailing had previously been undertaken for fixation of a fracture of the femur. In five femora a concomitant angular deformity was corrected at the time of surgery, either through the osteotomy site (n = 3; 5°, 10° and 17°) or by a distal closing wedge osteotomy (n = 2; 25°a nd 25°) fixed with a plate and screws. The femur was partially divided with an intramedullary saw and/or with multiple percutaneous drill holes. The division was completed with an osteotome inserted percutaneously. Reaming was completed after the drill holes or the osteotomy had been created in order to instil medullary reamings into the osteotomy site. Lengthening of 1 mm to 3 mm was gained intra-operatively.
All patients were reviewed clinically and radiologically pre-operatively and during lengthening at two, six and 12 weeks; six, 12 and 18 months, and after removal of the nail. Long-leg mechanical axis (hip-knee-ankle) standing radiographs, with wooden blocks under the short side and a metal ruler for calibration, were obtained. From these films the pre-operative femoral length and associated angular deformities were assessed. Similar radiographs were obtained at the end of the process.
From the immediate post-operative radiographs, measurements that were considered to have a possible influence on the ease of obtaining a good lengthening rate were taken, in particular the length of the thick portion of the nail engaged in the distal aspect of the femur (Fig. 1) . In addition, the amount of reaming of the intramedullary canal was recorded from the operative notes.
Problems encountered during the lengthening process were noted, such as difficulty in achieving length as indicated by the patient's monitor which detects whether a small bar magnet placed transversely within the distractor is rotating. If the magnet is rotating, the magnetic pole, recorded by the monitor, changes, indicating that the distractor is lengthening; the need for manual manipulation by the surgical team in the ward/clinic, or in the operating theatre; uncontrolled lengthening; implant failure; and radiological evidence of poor regenerate denoting delayed or nonunion.
The distractor was removed approximately 18 months post-operatively in all patients. Data were analysed using the statistical package SPSS 13 (SPSS Inc., Chicago, Illinois). The test used was the F-test and a p-value of < 0.05 was considered statistically significant.
Results
Details of the measurements for all femora are shown in Table I .
In 32 of 33 limbs the desired lengthening was achieved. The mean gain was 46 mm (15 to 80).
In all patients the regenerate had consolidated radiologically at the lengthening site (Fig. 2) at the final followup. There was no deviation of the mechanical axis as measured on the long-leg radiographs. In four femora (four patients) consolidation occurred with a strong column of bone which was deficient in one cortex, but this did not limit function in any way. The five femora with correction of an angular deformity all consolidated unremarkably. Subluxation or dislocation of adjacent joints was not encountered. However, great care was taken to check for joint instability pre-operatively, and the distractor was not used in any patient who required lengthening by > 80 mm or who had symptoms of instability of the knee.
Complications. Difficulty in achieving lengthening identified by
patient's monitor confirmed by radiography. In eight femora (eight patients) early in the series the lengthening stopped post-operatively or occurred only very slowly. These patients were all dealt with initially by the surgeon attempting to rotate the limb manually to achieve the lengthening. This physical rotation was done in the outpatient clinic during the follow-up sessions. However, this was successful in restarting the lengthening process in only two patients for whom the lengthening continued without problems.
The remaining six patients either could not tolerate the manipulation or the manipulation was not successful. It was therefore undertaken under general anaesthesia. In two patients manipulation alone under anaesthetic was successful, but in the remaining four a percutaneous half-pin was inserted into the greater trochanter posterior to the distractor and into the femur distal to the nail. These half-pins were used to rotate the proximal and distal fragments in relation to each other. This manoeuvre alone was successful in two patients, who continued lengthening with no problems. In one of the remaining two patients it was not possible to obtain rotatory movement until the callus had been redivided. This femur was lengthened satisfactorily but Diagram to demonstrate the radiological measurements that were made. Black arrow shows osteotomy site. A, Initial length of the nail after the distraction made before implantation; B, osteotomy site from the tip of the greater trochanter; C, thick portion of the nail distal to the osteotomy site; D, initial length of the femur, measured from the top of the greater trochanter to the intercondylar notch.
formed poor callus and bone graft was added percutaneously. In another femur the manipulation was unsuccessful, so the distal locking screws were removed and a monolateral external fixator was applied to allow a lengthening over the nail. Uncontrolled lengthening. In seven patients the nail lengthened over a very short period of time. In some of these the patients reported that they were not recording the number of pole changes expected on the monitor to correlate with rapid distraction, although they were using the machine between three and six times daily. These patients were muscular, with a thigh diameter > 20 cm at the level of the magnet of the distractor. None reported neurovascular symptoms related to over-distraction. The rapid distraction tended to happen in the first few weeks and was managed by reducing daily activities and restricting weight-bearing with crutches. Despite this, one patient continued to lengthen rapidly and had a poor range of knee movement. She was admitted for a week of bed rest and a combination of skin traction and an antirotation below-knee plaster cast.
The consolidation was much slower in these patients, but nevertheless all of them proceeded to full consolidation. However, five underwent exchange nailing and one required bone grafting. Implant failure. In one patient, who was fully weightbearing and walking more than ten miles a day, the distal locking screws broke, and in order to obtain full correction a new distractor was inserted. Consolidation at full length was achieved.
In a further patient who was fully weight-bearing but had initial rapid lengthening and subsequent delayed consolidation the distractor broke 17 months post-operatively, but length and alignment were maintained. He underwent exchange nailing. Delayed union. Apart from the patients who experienced uncontrolled lengthening, there were two further patients whose radiographs showed signs of delayed appearance of the regenerate. One, mentioned previously, had difficulty lengthening and a further osteotomy was performed through the callus; the other patient had short stature and poor bone growth potential. These two patients were bone grafted percutaneously and progressed to consolidation. Infection. Infection was not encountered in any of the patients. Despite these complications no patient had residual problems and all were satisfied with the treatment, the functional outcome and the speed of return to normal activity.
Analysis of the results. An association was found between the amount of proximal over-reaming and the length of the thick portion of the nail engaged in the distal fragment, with the difficulty in obtaining lengthening and uncontrolled lengthening.
The association between having 125 mm or more of the thick portion of the nail in the distal fragment and difficulty Radiographs of a patient undergoing femoral lengthening with the Intramedullary Skeletal Kinetic Distractor showing a) evidence of femoral and tibial nonunions, b) healing after intramedullary nailing of the femur and Ilizarov correction of the tibia with 6.5 cm of shortening, c) femoral lengthening using the distractor, d) during lengthening 15 months after original implantation, e) and f) after consolidation of the regenerate and g) after nail removal 18 months after original implantation. in achieving lengthening was statistically significant (p = 0.008, Fisher's exact test) (Table II) . There was also a tendency towards uncontrolled lengthening when there was 80 mm or less of the thick portion of the nail in the distal fragment (p = 0.052, Fisher's exact text) (Table III) . Figure 3 is a scatter plot showing these associations.
The patient who had > 125 mm of the thick portion of the distractor in the distal fragment and no difficulty lengthening had been over-reamed by 3 mm and had also undergone previous intramedullary nailing.
As the distractor is a straight nail, we investigated the effect of the femoral anterior bowing on the rate and ease of lengthening with osteotomies done at different levels. In six of the eight patients who had difficulty lengthening their nail, their femoral osteotomy was > 35 mm proximal to the isthmus. Previous intramedullary nailing was also found to predispose to uncontrolled lengthening (p = 0.042, Fisher's exact test) (Table IV) .
Discussion
Most of the reports in the literature using circular frames for limb lengthening have addressed tibial lengthening. [5] [6] [7] Reports discussing femoral lengthening have shown a significant difference between tibial and femoral lengthening, especially regarding patients' tolerance of the frame. 8 This could be explained by the fact that, to achieve a stable frame for femoral lengthening, the construct is usually cumbersome and interferes with daily life. This is a particular problem if the frame has to be worn for a long period to achieve significant lengthening. Stanitski et al 9 reported that two of 36 patients (5.6%) undergoing femoral lengthening using the Ilizarov frame experienced psychological problems that necessitated cessation of lengthening.
Combining external fixation with intramedullary nailing to achieve limb lengthening was introduced to overcome the long period of external fixation needed during lengthening, especially in patients with severe shortening, as these patients are known to have a significant risk of refracture when the external fixation is used on its own. 8, [10] [11] [12] [13] However, some reports have shown a high rate of deep infection with this technique: in one study 11 this was 15%, and it was particularly high in patients who had previous open femoral fractures. 8, 11 In another study three of 22 patients developed osteomyelitis. 13 The principle of intramedullary lengthening was developed mainly to overcome problems with conventional methods of lengthening. Having the lengthening mechanism totally inside the body reduces the risk of infection and improves comfort. Lengthening is carried out in line with the anatomical axis. In most patients in this series the aetiology of the shortening was post-traumatic and lengthening was required along the anatomical axis in order to normalise the mechanical axis. Theoretically, if a femur with the normal 7°o f valgus at the knee and a normal mechanical axis prior to lengthening is distracted along the anatomical rather than the mechanical axis, the knee will be medialised, approximately half (if the femoral and tibial segments are similar in length) of 0.12 cm (= sin 7°), i.e., 0.06 cm for every centimetre of lengthening obtained. For an 8 cm lengthening this equates to 5 mm of lateralisation of the mechanical axis. However, in practice, in these situations a small amount of varus is induced at the osteotomy site which reduces the potential knee medialisation. Paley et al, 8 in their series of patients who underwent lengthening over a nail reported that medialisation of the knee was not a clinical problem.
Caton et al 14 reported the results of a fully internal nail with a ratchet lengthening mechanism in 20 sheep and found superior bone formation compared to the bone formed in a control group lengthened by standard external fixation. In humans, a totally internal fixation technique (Albizzia nail, DePuy, Villeurbanne, France) to achieve limb lengthening has been reported previously in two separate studies. 15, 16 However, significant problems were found in obtaining length, and patients also experienced difficulty with the large amount of rotation needed. Good results have been reported with the use of a fully implantable, motorised lengthening nail (Fitbone, Wittgenstein, Igersheim, Germany) to achieve femoral lengthening, 1, 17 and more recently a series of 13 femora lengthened by this device has been reported by Singh, Lahiri and Iqbal. 18 However, this device is very expensive, which limits its use.
In this study we used the Intramedullary Skeletal Kinetic Distractor to lengthen 33 femora. The results compare favourably with those of previous reports on femoral lengthening using intramedullary nails (Table V) .
The prevalence of post-lengthening fracture in our series was one in 33 lengthenings (3%), far lower than the rates associated with lengthening of the femur using an external fixator, which have been reported to range from 0% to 37%. 9, 12, [19] [20] [21] [22] Even this single fracture would have been prevented if the distractor had been removed at a later stage.
Studies using the Ilizarov frame demonstrated that the lengthening rate had a major effect on the quality of new bone formation. Rates of more than 2 mm per day resulted in poor bone formation. 9, 23, 24 With internal devices, rates of just over 1 mm per day have resulted in good regenerate formation but there is less control of the rate of lengthening, and this should be made clear to the patient, who should be prepared to accept a manipulation under anaesthesia should the lengthening stop.
The patients found the Intramedullary Skeletal Kinetic Distractor monitor a useful guide to help them determine which exercises were most effective for them for lengthening the distractor. However, the monitor was less reliable when the thigh diameter was > 20 cm at the level of the magnet. This was more common in well-built patients with shorter distractors, when the magnet was in the more proximal wider part of the thigh; in these situations, the magnetic field may have been too low at the skin surface for the monitor to detect the pole changes. We would recommend that the monitor readings be confirmed with radiographs every one or two weeks during the lengthening phase. In addition, clinical awareness of the signs of excessive stretching of soft tissue is very important.
Kubiak et al 25 reported on nine patients who had undergone lengthening with the Intramedullary Skeletal Kinetic Distractor, of whom seven had difficulty and one had excessive lengthening. They concluded that binding at the osteotomy site was responsible for failure of the advancement of the nail. However, they did not examine the effect of surgical technique on this complication, and therefore did not offer any solution other than stating that vigilance in the postoperative period was crucial. We agree that close follow-up is vital in order to avoid missing a too rapid rate of lengthening or cessation of lengthening, but in addition make recommendations to minimise the chance of these occurring.
Our results suggest that the problems of too-slow or toofast lengthening, and the associated patient morbidity, can be mimised by positioning the osteotomy so that there is more than 80 mm but less than 125 mm of the thick proximal portion of the distractor in the distal fragment, and by overreaming by 2.5 mm to 3.0 mm, unless an intramedullary nail had been used previously in the femur, in which case the over-reaming should be less: perhaps 2 mm to 2.5 mm. Scatter plot of the length of the thick part of the Intramedullary Skeletal Kinetic Distractor (ISKD) that was in the distal fragment (measurement in Fig. 1 ). Filled circles represent patients who had a previous intramedullary nail. Larger circles represent a greater amount of over-reaming (smallest circles 2 mm, largest circles 3.5 mm). Dahl et al 19 found that there was a learning curve for using limb lengthening techniques which reduced the complication rates. We consider that femoral lengthening using the Intramedullary Skeletal Kinetic Distractor is an excellent alternative to lengthening with external fixation; however, there is a similar learning curve to that reported elsewhere, 19 although with greater understanding of how best to use this device the technique could become the standard for femoral lengthening in adult patients who have a navigable medullary canal.
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